Localized surface plasmon resonance (LSPR) occurs in metal nanoparticles when light drives the oscillation of the free electrons in the nanoparticle [1]. A schematic illustration of LSPR is shown in Figure 1A : when external light is incident on a metal nanoparticle, its electric field (E 0 ) periodically displaces the sphere's electrons with respect to the lattice ions, resulting in oscillating electron density [2]. Upon the excitation of LSPR, nanoscale localization and enhancement of electromagnetic (EM) fields occur in the vicinity of the metal nanoparticle [3]. The locally enhanced EM fields generate localized thermal energy because of the rapid conversion of photon energy into heat via electron-electron scattering and electron-phonon coupling [4] and strongly scatter and absorb light at the LSPR wavelengths ( Figure 1B ) [5] [6] [7] [8] [9] [10] [11] [12] .
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Localized surface plasmon resonance (LSPR) occurs in metal nanoparticles when light drives the oscillation of the free electrons in the nanoparticle [1] . A schematic illustration of LSPR is shown in Figure 1A : when external light is incident on a metal nanoparticle, its electric field (E 0 ) periodically displaces the sphere's electrons with respect to the lattice ions, resulting in oscillating electron density [2] . Upon the excitation of LSPR, nanoscale localization and enhancement of electromagnetic (EM) fields occur in the vicinity of the metal nanoparticle [3] . The locally enhanced EM fields generate localized thermal energy because of the rapid conversion of photon energy into heat via electron-electron scattering and electron-phonon coupling [4] and strongly scatter and absorb light at the LSPR wavelengths ( Figure 1B ) [5] [6] [7] [8] [9] [10] [11] [12] .
These nanoscale fields can interact with cells, large biomolecules and even small molecules, optically, thermally and mechanically. By understanding and controlling the interactions between these objects and surface plasmons, researchers have developed approaches for efficiently sensing, analyzing, trapping, transporting and manipulating molecules and cells [13] [14] [15] [16] [17] [18] [19] [20] . These developments have led to novel devices and analytical tools for applications in biology and nanomedicine and to the formation of the field of molecular plasmonics (Figure 2 ). For example, because the highly concentrated light near the particles is sensitive to molecular dynamics, the metal nanoparticles can function as sensors for understanding molecular-level biological processes [21] [22] [23] [24] [25] . With the increased scattering and/or absorption cross sections, metal nanoparticles are extremely sensitive labels for immunoassays and molecular spectroscopy [26] . In addition, researchers have successfully demonstrated plasmonic photothermal therapy for cancer based on the strong localization of photothermal energy [27] [28] [29] [30] [31] [32] [33] . The high intensity and large gradient of EM fields associated with LSPR in the particles' near field result in powerful optical forces that are the foundation for plasmonic tweezers used for single-molecule biophysics [34, 35] . Implementing the valuable properties of molecular plasmonics in practical applications, however, is subject to the development of both plasmonics and molecular nanotechnology.
Due to the small size of single molecules, molecular plasmonics requires precise control of both the spatial profile of surface plasmons and the location of molecules within the near field of metal nanoparticles, in order to have effective molecule-plasmon interactions. In vivo applications have additional requirements on the shape, size, LSPR wavelength and surface functionalization of the metal nanoparticles for targeted delivery, imaging and plasmonic excitation inside human bodies [36, 37] . Recent progress in nanofabrication, measurement methods,
The optical excitation of surface plasmons in metal nanoparticles leads to nanoscale spatial confinement of electromagnetic fields. The confined electromagnetic fields can generate intense, localized thermal energy and large near-field optical forces. The interaction between these effects and nearby molecules has led to the emerging field known as molecular plasmonics. Recent advances in molecular plasmonics have enabled novel optical materials and devices with applications in biology and nanomedicine. In this article, we categorize three main types of interactions between molecules and surface plasmons: optical, thermal and mechanical. Within the scope of each type of interaction, we will review applications of molecular plasmonics in biology and nanomedicine. We include a wide range of applications that involve sensing, spectral ana lysis, imaging, delivery, manipulation and heating of molecules, biomolecules or cells using plasmonic effects. We also briefly describe the physical principles of molecular plasmonics and progress in the nanofabrication, surface functionalization and bioconjugation of metal nanoparticles.
future science group Review Zheng, Kiraly, Weiss & Huang instruments, metrology and computation enable the precise modeling, design and control of both near-and far-field LSPR profiles at a wide range of wavelengths (Figure 3 ) [38] [39] [40] [41] [42] [43] [44] [45] [46] . These developments have granted vital temporal, spatial and spectral control of the plasmon-molecule interactions.
Both 'bottom-up' chemical synthesis and 'top-down' lithographic techniques have been highly developed for the fabrication of metal nanoparticles [41, [47] [48] [49] . While the former provides crystalline nanoparticles allowing extremely precise control of their shape, size and composition by assembling the particles atom-by-atom, the latter allows flexibility in controlling particle shape and size in arbitrary 2D arrays fixed on substrates. Figure 4 shows examples of 2D metal nanostructure arrays fabricated with nanosphere lithography [43] or electron beam lithography [50] . In these arrays, coupling between nanoparticles provides another degree of freedom for controlling the spectral and spatial properties of surface plasmons [51] . A dramatic enhancement of the localized EM fields is achievable by gaining materials at the metal nanostructures, as demonstrated in the development of surface plasmon amplification by stimulated emission of radiation [52, 53] .
Along with developments in the fabrication of metal nanoparticles, good progress has been made in molecular functionalization, self-assembly and measurement tools that enable precise position and characterization of molecules and biomolecules on metal surfaces ( Figure 5 ) [54] [55] [56] [57] [58] [59] [60] [61] [62] . These advances in both plasmonics and molecular nanotechnology have gradually shifted the focus of molecular plasmonics from developing high-quality metal nanostructure-molecule complexes and investigating their physical properties to the potential applications of these complexes.
In this article, we aim to review the recent developments in molecular plasmonics, which include a broad range of biological/medical applications. We categorize and discuss representative applications of molecular plasmonics within the framework of three types of molecule-plasmon interactions: optical, thermal and mechanical. These applications include sensing, spectroscopy, imaging, phototherapy, nanocarriers and plasmonic tweezers. Finally, we present the current challenges and future research directions for each application.
Applications based on optical effects
n Nanosensors based on LSPR modulation Molecular detection with high sensitivity is an invaluable assay for elucidating biomolecular interactions and dynamics at the smallest scales [21] . Plasmon resonance is exquisitely sensitive to changes in the refractive index surrounding the nanoparticles because of the nanoscale localization and enhancement of the EM field [24, 63] . By monitoring the intense, narrow LSPR spectra in either the extinction or scattering modes, we can detect molecule-induced changes in the local refractive index through LSPR modulations [64] . M  o  l  e  c  u  l  e  d  e  l  i  v  e  r  y  a  n  d  c  e  l  l  h  y  p  e  r  t  h  e  r  m  i  a  M o l e c u l e c a p t u r i n g , t r a p p i n g a n d m a n i p u l a t i o n M e c h a n i c a l 
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Specifically, the LSPR peak wavelength, intensity and/or bandwidth can be modulated by molecular adsorption, desorption or even conformational changes that induce variations in the refractive index [65] [66] [67] [68] . Furthermore, the size of the nanoparticles endows them with excellent spatial resolution that is of considerable value when delivered inside the human body for in vivo applications [69] .
With simple, inexpensive transmission spectrometry, LSPR-modulation-based sensors have been making tremendous progress in detecting molecules, biomolecules and cellular signaling [19, 21, 25, 64, [70] [71] [72] . Yonzon and coworkers studied the real-time binding of conconavalin A to mannose-functionalized nanoparticles [73] . Haes et al. used LSPR nanosensors to measure amyloid-derived diffusible ligands at a concentrations of 100 fM [71] . Alivisatos and coworkers developed a plasmonic molecular ruler, which monitors LSPR modulation from changes in plasmonic coupling between a pair of metal nanoparticles, to detect the hybridization of DNA oligonucleotides to ssDNA [74, 75] . Recently, 3D plasmonic molecular rulers have been developed based on coupled plasmonic oligomers; the 3D rulers enable retrieval of the complete spatial configuration of biological processes and their dynamic evolution [76] . Atwater and coworkers developed compliant plasmonic metamaterials [77] . By integrating split-ring resonators on polydimethylsiloxane, mechanical deformation was used to change the capacitance of the gap and the coupling strength between the resonators, thus tuning and customizing the response of the metamaterials postfabrication. Compliant metamaterials could both detect small changes in refractive index and resonantly enhance the vibrational modes of molecules [77] .
A significant milestone for LSPR nanosensors is to reach the single-molecule detection limit [13] . This can be achieved by improving the sensitivity of the metal nanoparticles with new structures [78] [79] [80] [81] [82] [83] , improving the resolution of spectrometers [84] and/or increasing the effective change in the dielectric constant per molecular binding event [85, 86] . The final option requires a better understanding of plasmon-molecule interactions, and in that vein, by exploiting the electronic couplings between molecular resonances and nanoparticle LSPR, researchers have uncovered three scenarios that exhibit surprisingly large changes in the LSPR. Figure 6 shows three scenarios for the evolution of the LSPR spectra upon adsorption of resonant molecules. The molecular resonances lead to strong absorption by the molecules at their resonant wavelengths, usually known as exciton absorption. We provide a detailed discussion on each scenario below.
As illustrated in scenario 1 in Figure 6 , a large LSPR shift arises from the adsorption of resonant molecules onto metal nanoparticles. The large LSPR shift arises due to the spectral overlap between the LSPR and the molecular absorbance, which causes a significant change in the local refractive index as described by the Figure 6 ) [87] . In Figure 7A , a monolayer of [2,3,7,8,12,13,17,18-octakis-(propyl) porphyrazinato]magnesium (II) with molecular resonance at 598 nm adsorbed on the silver nanoparticles of different LSPRs is shown [87] . When the LSPR wavelength is much larger or smaller than 598 nm, a redshift of approximately 20 nm is observed upon molecular adsorption. When the LSPR wavelength is equal to 598 nm, an unusually small redshift of only 2 nm is observed. However, when the LSPR is redshifted 6 nm from 598 nm (i.e., at 604 nm) an unusually large redshift of approximately 60 nm occurs. This exquisite sensitivity to molecular absorption paves the way for the development of highly tuned sensors based on shifts in molecular absorbance in response to analyte concentrations. These sensors transduce weak changes in molecular absorption intensity or wavelength into spectral shifts in the intense LSPR scattering and absorbance signals ( Figure 7B ) [85] . In the second scenario (scenario 2 in Figure 6 ), the electronic coupling between the LSPR and molecular resonance leads to plasmon resonance energy transfer and wavelength-specific quenching shown as a dip in the Rayleigh scattering spectrum of the nanoparticle-molecule complexes [88] . Monitoring this quenching leads to development of a new type of moleculelevel sensors [86] . Based on plasmon resonance energy transfer spectroscopy, real-time production of cytochrome c in living HepG2 cells has been imaged [89] . In scenario 3, as illustrated in the schematic column of Figure 6 , the LSPR and molecular resonances hybridize and two new resonances appear on either side (one redshifted and one blueshifted) of the original LSPR. Wiederrecht et al. reported the hybridization in J-aggregate-metal nanosphere complexes [90] . Halas and coworkers studied wavelength-dependent coupling behavior in hybrid nanostructures composed of Au nanoshells and J-aggregates [91] . The Au nanoshells enabled facile tuning of the LSPR wavelength over a wide spectral range surrounding the absorption peak of the J-aggregate. Both asymmetric energy splitting and anticrossing behavior were observed in the coupled energy diagram (see the experimental column of scenario 3 of Figure 6 ). Wang and coworkers used colloidal Au nanorods to study resonance coupling both collectively and individually [92] [93] [94] . To overcome challenges involving the fixed nature of LSPR in metal nanoparticles, Zheng et al. developed tunable plasmonic systems that enable the incident angle of light to modify the LSPR spectrum (Figure 8 ) [95] . The tunable systems allow researchers to explore and understand coupling in both weak and strong regimes with a single nanoparticle structure [65, 95] . In the near future, we expect to see cases that utilize the hybridization phenomena for sensing applications.
In summary, the EM fields associated with LSPR near metal nanoparticles are extremely sensitive to their surroundings. This high sensitivity, in combination with the advantages of light (e.g., noninvasiveness, high speed and Molecular plasmonics for biology & nanomedicine Review directionality), makes plasmonic nanosensors attractive for studying biological molecules and reactions. A broad range of applications have already been demonstrated. Continuous improvements in sensitivity and selectivity are being achieved through progress in multiple aspects: design, modeling and fabrication of metal nanostructures; surface functionalization and bioconjugation; and understanding plasmon-molecule resonant interactions. Many researchers are currently working to push these devices toward single-molecule sensitivity. One of the major (seemingly insurmountable) challenges for LSPR-modulation-based nanosensors is to identify unknown molecules. Currently, we apply other techniques, such as MALDI mass spectrometry [96] and surface-enhanced Raman spectroscopy (SERS) [3] , to circumvent these problems.
n SERS Raman spectroscopy is a highly specific technique used to detect and to identify molecules based on their unique vibrational energy levels and corresponding Raman fingerprints [97] . In Raman scattering, photons are scattered inelastically, either losing energy (Stokes shift) or gaining energy (anti-Stokes shift) equal to the molecular vibrations of the probed material. One challenge for conventional Raman spectroscopy is detecting small amounts of molecules: the low Raman scattering efficiency of single molecules generally results in weak Raman signals for low concentrations. Plasmon-enhanced EM fields, however, are capable of amplifying Raman signals from molecules near the particles, leading to highly sensitive molecular identification ( Figure 9 ) [18, 98, 99] . Advances in plasmonics have enabled the generation and control of EM hot spots with extremely high intensity and helped understand the effects of the spectral overlap between the excitation laser and LSPR on the Raman enhancement factor, leading to rational design of plasmonic nanostructures for maximum enhancement of Raman signals [64, 100] . Recently, Le Ru and coworkers proposed a simple scheme and a general experimental methodology based on selective adsorption of the target analyte only at the SERS hotspots that enables detection of every single target molecule in solution [101] . Liz-Marzan and AlvarezPuebla developed a universal SERS detection tool based on a concept of 'traps and cages' that actively captures and traps analytes close to the SERS substrates [102] .
Besides identifying molecular chemical structures, SERS is capable of differentiating certain conformation-dependent vibration modes in molecules, thus revealing conformational changes [103] . Monitoring the spatiotemporal conformational changes in biomolecules plays a significant role in understanding a variety of coordinate biological processes [68] . Recently, Zheng et al. successfully applied SERS to study the reversible photoswitching of isolated azobenzene-functionalized molecules inserted in self-assembled monolayers ( Figure 10 ) [104] . By comparing calculated and experimental data, SERS can provide quantitative information on the reversible photoswitching of azobenzene. This study paves the way for detecting transformational and structural changes in functional proteins and other biomolecules. Moreover, it is possible to obtain dynamic information if Review Zheng, Kiraly, Weiss & Huang the SERS system is equipped with ultra-fast optics [105] .
In summary, SERS is becoming a common analytical tool for studying molecular structures, dynamics, and various biological processes. The plasmonic near-field enhancement is the major driving force that enhances light absorption and scattering processes related to molecular vibrations. Further advances in plasmonics will enable deeper insight into the mechanisms at work in SERS by engineering the hotspots and separating the multiple factors determining the SERS enhancement [42] .
While the SERS spectra can identify molecules, spatial information is limited; this poses a problem when studying certain biological processes and when monitoring therapeutic effects. To overcome this limitation, researchers have been developing plasmonic nanoscopy for imaging molecules using LSPR-induced nanoscale localization and enhancement of light [106] .
n Plasmonic nanoscopy & imaging Light has significant advantages for imaging applications, including its remote and noninvasive nature and fast response time. Optical Molecular plasmonics for biology & nanomedicine Review imaging of nanoscale objects, however, exhibits challenges because of the diffraction limitation of light. Advances in nanotechnology have aided in developing techniques that can overcome this limitation to achieve nanoscale optical imaging [107] [108] [109] [110] . Under the umbrella of near-field scanning optical microscopy (NSOM), plasmonic nanoscopy is capable of nanoscale biological and medical imaging with high signal-to-noise ratio, high spatial and temporal resolution, and low illumination power [2, 111] .
Researchers made use of the high resolution inherent to plasmonic nanoscopy to study the fluorescence rate of a single molecule as a function of its distance to a laser-irradiated gold nanoparticle, which also functioned as the nanoscopic probe [112, 113] . Near-field fluorescence images were obtained by raster-scanning the sample while maintaining a constant nanoparticle sample separation. By varying the distance between molecule and particle, the researchers demonstrated a continuous transition from fluorescence enhancement to fluorescence quenching. This study helped illuminate some of the physical mechanisms related to the quenching and enhancement of fluorescence from dye molecules by LSPR in nanoparticles [39] . These mechanisms are important in the development of plasmon-enhanced fluorescence tags to take the place of the commonly used isolated fluorescent molecules.
'Chemical vision' is among newer applications of plasmonic nanoscopy, which allows researchers to identify the chemical structure of an object with high spatial resolution [114] . An important development in this subfield has been demonstrated in an example that maps the chemical composition of a silica surface that contains an ultranarrow (30-nm wide) trench of exposed silicon (Figure 11 ) [115] . The plasmonic nanoprobe was mounted on a cantilever that is used both for atomic force microscopy and NSOM/Raman measurements. This allowed the mapping of a silicon surface's chemical fingerprints with roughly 5-nm spatial resolution.
The NSOM-type plasmonic nanoscopes are generally used for in vitro ana lysis of molecules and cells, while suspended metal nanoparticles are [116] . Their strong scattering then allows them to provide high-resolution imaging with good photostability, minimum invasiveness and low toxicity. Using this scattering, Estrada and Gratton achieved a high-resolution 3D image of biological fibers such as collagen and actin filaments by moving a single Au nanoparticle along the fibers with near-infrared (NIR) femtosecond pulses and measuring its trajectory [106] . Surgeons may use the imaging capability of metal nanoparticles to help locate tumors and their margins, enabling identification of important adjacent structures and mapping sentinel lymph nodes [69] .
In summary, plasmonic nanoscopy is capable of non-invasively imaging molecules with low irradiation power because of plasmon-enhanced molecular absorption, emission and/or scattering of light at the nanoscale. Suspended metal nanoparticles with specific surface functionalizations can serve as probes for 3D in vivo molecular imaging. Chemical vision, combining nanoscale imaging and molecular identification, is one of the most important new directions in plasmonic nanoscopy. future science group
To this point, we have discussed the optical effects of LSPR that enable the development of sensors, spectroscopy and nanoscopy, as well as the current status and future directions of these applications. Coupled with optical near-field effects, metal nanoparticles can rapidly convert absorbed photon energy into heat via multiple photophysical steps: optical absorption and dephasing of LSPR, internal relaxation of the electrons via electron-electron scattering and electron-phonon coupling, and energy dissipation into the environment [117] . Understanding and controlling the effects of the localized thermal energy on molecules and cells near the metal nanoparticles allow us to harness the heat for the development of particle-based photothermal therapy and smart nanocarriers.
Applications based on thermal effects
n Photothermal therapeutics Plasmon-enhanced photothermal effects in metal nanoparticles have already been successfully demonstrated for cancer therapy, where laser excitation is used to kill tumor cells selectively ( Figure 12A ) [30, 33] . These metal nanoparticles function like nanoscale lenses, focusing external laser energy at the nanoparticles' LSPR to a small region surrounding the particles. This high EM energy density is converted into thermal energy that heats the metal nanoparticles locally. This process is applied after the particles are in or near the cancer cells, and causes the cells to reach a temperature approximately 15-20°C above physiological temperature, high enough to induce , as measured simultaneously with AFM topography. The dotted red line corresponds to the red line scan in the topography map of (E). Intensity (bottom) of the c-Si Raman peak at 520 cm -1 (black dots) and corresponding AFM line scan (red squares) along the red line of (E). AFM: Atomic force microscopy; NA: Numerical aperture; QPD: Quadrant photodiode; Si: Silicon; SiO x : Silicon oxide. Reproduced with permission from [115] © 2010 Nature Publishing Group. Figure 12B ) [27] . Nanoparticle-assisted photothermal therapy is a drug-free approach that induces cell death by utilizing the localized heat generated upon excitation of LSPR.
Among various metal nanoparticles targeted for photothermal therapy, gold nanoshells, nanorods and nanocages have been the most heavily investigated owing to their widely tunable LSPR, which spans into the NIR range, where absorption in the human body is minimized [14, [118] [119] [120] . In a critical initial step, Elliot et al. quantified the nanoshell-laser interaction to determine the effect of nanoshell concentration and laser power on the photothermal effect [28] . Next, Stern et al. evaluated the effect of nanoshell concentration on ablation of a human prostate cancer model in a mouse [29] . El-Sayed and coworkers used anti-EGF receptor antibody-conjugated gold nanoparticles for photothermal therapy of epithelial carcinoma [121] . They found that the malignant cells require less than half the laser energy (continuous visible argon ion laser at 514 nm) to be killed than the benign cells after incubation with the conjugated gold nanoparticles. However, no photothermal destruction was observed for all types of cells in the absence of nanoparticles at the laser energy four-times higher than that required to kill the malignant cells with the anti-EGF receptor/Au conjugates bound [121] . Several excellent review papers on plasmonic photothermal therapy have been published previously [6, 116, 120, [122] [123] [124] .
To ensure the effectiveness of the photothermal therapy, metal nanoparticles need to accumulate selectively at the tumor site. This is possible through passive accumulation, which occurs due to the leaky tumor vasculature [69] . Malignant tumors rapidly develop new vasculature to supply their expanding mass; these new blood vessels are structurally abnormal and irregularly shaped, characterized by inconsistent diameters and large gaps (up to 2 µm). These gaps are large enough to allow large molecules and nanoparticles from the blood stream to be taken into the tumor. This property is referred to as the enhanced permeability and retention effect, and leads to preferential accumulation of metal nanoparticles in tumors, although accumulation does occur in other normal organs [125] . However, without an appropriate surface coating, nanoparticles in the blood stream are rapidly removed from circulation by the mononuclear phagocyte system, rarely making it to the tumor site [126] . To protect the nanoparticles from this fate, their surfaces can be functionalized with molecules and bio molecules. For instance, nanoparticle delivery may be directed Review Zheng, Kiraly, Weiss & Huang by conjugating the nanoparticles to antibodies, proteins or ligands specific to surface markers overexpressed by cancer cells [116] .
In summary, the localized heat converted from concentrated light at metal nanoparticle surfaces can lead to hyperthermia of nearby cells. Aided by surface functionalization, the particles can target tumors specifically, enabling the eradication of tumor cells without collateral damage to the surrounding healthy cells. For therapies that require chemical drugs or genes rather than the direct thermal treatment, plasmon-enhanced photothermal effects can also be utilized to develop smarter nanocarriers that enable optically-controllable delivery of drug molecules/oligonucleotides. n Smart nanocarriers Among the many advanced nanotechnologybased approaches towards smart nanocarriers [127] [128] [129] [130] [131] , metal nanoparticles that use plasmonenhanced photothermal effects to release drug molecules that were conjugated to their surfaces have shown great promise. Huang and coworkers, for example, devised an aptamer/hairpin DNA-gold nanoparticle conjugate as a smart nanocarrier for the targeted delivery of drugs. When illuminated with light at their LSPR wavelength, the LSPR-induced local heating drastically reduced the nanoparticle-molecule bond stability and the loaded anticancer drug was released; this led to enhanced anti-tumor efficacy with high spatiotemporal resolution and few side effects [132] . Newer developments in this field have led to a drug delivery system that allows multiple drugs to be released in a controlled fashion [17] . In binding drugs to nanoparticles of different shapes, researchers have utilized the fact that metal nanoparticles of different shapes support LSPR at different wavelengths to release specific drugs selectively by illuminating them with monochromatic light. This type of system could be used to provide better temporal control of drug release when battling diseases commonly treated with multiple drugs. In a similar fashion, metal nanoparticles exhibiting photothermal effects can also function as plasmonic gene switches, regulating intracellular gene activity both temporally and spatially (Figure 13) [15, 16, 133, 134] . Because of their large surface-to-volume ratios, nanoparticles are ideal carriers of oligonucleotides such as ssDNA, siRNA and plasmid DNA. For example, short ssDNA (antisense DNA) can be hybridized to thiolated complementary sense DNA and bound to the gold nanoparticle's surface through a gold-thiol covalent bond [135] . While attached to their carriers, oligonucleotides are rendered inactive due to steric hindrance in the tightly packed layer. In the presence of continuous-wave incident light at the LSPR wavelength, antisense DNA is photothermally dehybridized from its carrier and is able to interact freely with the local environment. Thus, remote-controlled NIR light acts as a trigger to release free oligonucleotides and to 'activate' their functionality; this technique enables researchers to silence endogenous intracellular genes on demand. The strategy of photothermal dehybridization offers several notable advantages for gene switches: it requires no chemical modification or reattachment of antisense DNA strands, it does not interfere with nucleic acid functionality and/or gene-silencing efficacy, and it has low cytotoxicity [133] .
In summary, plasmon-enhanced photothermal effects enable precise temporal delivery of drugs or gene agents through heat-induced morphology changes in the metal nanoparticles or dehybridization of biomolecules. Advances in plasmonic design, nanofabrication and surface functionalization are enabling the development of smarter nanocarriers through multiplexed wavelength control and complex temporal control of drug delivery; these techniques allow the carriers to deliver multiple drugs with high temporal fidelity to combat a variety of diseases. Future developments will move towards optimizing the nanocarriers for NIR excitation for in vivo applications. The relationship of the local temperature distribution to light polarization and intensity for metal nanoparticles of various shapes and sizes should be further studied to enhance applications in specific tumor or gene therapy. In addition to thermal effects, the concentrated EM fields around metal nanoparticles also lead to enhanced optical gradient forces experienced by molecules within the fields. The enhanced near-field optical gradient, and applications of the optical gradient force, such as plasmonic tweezers, will be discussed in the next section.
Applications based on mechanical effects
n Plasmonic tweezers The ability to capture, trap stably and manipulate molecules/biomolecules with nanoscale precision is highly significant for the ana lysis and understanding of biochemistry and biomechanics. Some examples include the behavior of molecular motors and the mechanical unfolding of globular proteins [35, 136] . Among a variety of techniques (e.g., hydrodynamic, electrostatic, electrophoresis and acoustic) that are available for manipulating objects [137, 138] , optical tweezers have become one of the primary tools for biophysists and have revolutionized the relatively new field of single-molecule biophysics [35, 139, 140] . For example, Bustamante and coworkers applied optical tweezers with controlled rotation to test the linearity of DNA's twist elasticity; they also measured the torsional modulus and characterized the torque-induced structural transitions, establishing a framework for assays of torque and twist generation by DNA-dependent enzymes [141] . Block and Guydosh determined the binding states of kinesin heads to microtubules with optical tweezers that applied alternating hindering and assisting loads [142] .
future science group Review Zheng, Kiraly, Weiss & Huang Optical tweezers generally utilize a tightly focused laser beam to transfer photon momentum to a microparticle/nanoparticle, which experiences two optical forces: a scattering force and a gradient force. These forces work together to trap the particle within the focus spot of the laser beam. Generally, the particle remains trapped in the laser focus, even when the focus is translated, due to the high trap strength. This enables researchers to control the particle's location precisely. However, optical tweezers that trap objects near the focus of a laser beam have several drawbacks, including a trapping volume that is diffraction-limited, inefficiency in trapping objects of reduced size and significant Brownian motion of trapped objects. To trap small molecules and biomolecules, the trap size must be reduced; this requires further focusing of the trapping laser light and increasing of the local laser intensity [143] . Metal nanoparticles demonstrate nanoantenna effects that concentrate light into extremely small areas, providing a promising route for trapping and manipulating biomolecules at reduced laser intensities [34] .
Miao et al. have demonstrated that the LSPRenhanced scattering force from a self-assembled gold nanoparticle array can be used to sustain trapping of single micron-sized particles at low laser intensities [144] . To achieve better control of the EM fields for enhanced performance of the plasmonic tweezers, the strong coupling between adjacent plasmonic nanostructures can be exploited. For example, in closely positioned nanoparticle dimers, capacitive effects between the nanoparticles lead to an extremely confined and intense light spot in the gap region, an ideal location for stable trapping of small particles and molecules. Grigorenko et al. reported trapping with coupled pairs of gold nanodots in a standard optical tweezers setup [145] . Figure 14A & B show the optical trapping of 200-nm beads near the substrate without and with nanodot pairs, respectively. Brownian motion of a 200-nm bead outside the patterned area is shown in Figure 14A . The plot illustrates the position of a bead trapped at a = 0.7 µm above the glass, measured at different times for a fixed location of the optical trap with a full bandwidth of 10 kHz (green circles). The half-width of the Gaussian displacement distribution for a 200-nm bead was 176 nm. However, when the laser beam was set above the nanodot pair fabricated on the substrate, the half-width reduced to 18 nm under exactly the same conditions (the red circles of Figure 14B) . Therefore, the optical near-field associated with the nanodot pair reduced the trapping volume beyond the diffraction limit and quenched Brownian motion of the trapped nanoparticles by almost an order of magnitude compared with conventional optical tweezers. Self-induced back-action (SIBA) in a nanoaperture in a metallic film provides another interesting concept that can be applied towards nanometric optical trapping with reduced heat damage to the trapped specimen [146] . Demonstrated by Quidant and coworkers, SIBA dynamically reconfigures the near-field optical intensity by using the sensitivity of the aperture transmission to its dielectric environment [146] . The presence of an object within the aperture, where the plasmon mode is confined, modifies the effective refractive index, resulting in a red-shift in the transmission peak. As a result, a red-detuned laser makes the local field enhancement stronger when the object is trapped in the aperture, and essentially generates a potential well around the trapped object [147] . This allows the incident laser intensity to be reduced to values associated with a potential depth on the order of the thermal energy. Given its low intensity requirements, SIBA optical trapping should enable trapping of living nanoscale biological specimens, such as viruses, to perform on-chip optical diagnostics ( Figure 14C) .
In summary, plasmonic tweezers are essentially a nanoscale version of optical tweezers. The plasmonically enhanced gradient and scattering forces allow plasmonic tweezers to operate at low power with reduced optical inference or damage to biomolecules and cells. In addition, the 2D nature of surface plasmons facilitates their integration with microfluidics and other biomedical platforms for chip-level applications [20] . Advances in this field have demonstrated both parallel and single trapping of nanoscale objects based on various metal nanostructures (i.e., single nanoparticles, nanoparticle pairs and nanoholes). Future research efforts will be directed towards single-molecule trapping and simultaneous detection or visualization of trapped molecules.
Conclusion & future perspective
Molecular plasmonics that probe the interactions of molecules and surface plasmons of metal nanostructures presents tremendous opportunities for sensing, imaging, manipulating, delivering and smoldering biological molecules, and provides a range of powerful tools for biological and medical studies. We have described and structured the broad range of applications based on three types of molecule-plasmon interactions: optical, thermal and mechanical. Based on the LSPR-induced nanoscale confinement and enhancement of EM fields, metal nanoparticles can transduce biological events, enhance Raman scattering and probe at the single-molecule level. Plasmon-enhanced thermal effects underpin the development of both direct photothermal therapeutic strategies and light-activated drug delivery/gene switches, which have the capability to provide revolutionary tools in the many battles against human disease. Plasmonic tweezers based on LSPR-enhanced optical forces overcome the limitations of conventional optical tweezers, such as the diffraction limit and Brownian motion, enabling low-energy stable trapping of biomolecules for quantitative biology.
As an emerging field situated between molecular nanotechnology and plasmonics, molecular plasmonics has been making extraordinary progress due to advances in metal nanostructure design, fabrication and modeling, in addition to developments in metal nanostructure-molecule complexes, molecular self-assembly and surface functionalization. Examples include: the rational design of metal nanostructures with extremely high sensitivity to molecular adsorption and conformation changes for sensing applications; SERS enhancements due to engineering analyte trapping near EM hotspots; surface functionalization of metal nanoparticles that enhance drug loading, targeting and biocompatibility for in vivo imaging and therapy; and precise near-field profile control for multidimensional manipulation of molecules, such as concentration, trapping and rotation.
While new standalone devices will surely emerge because of the continuous advances in molecular plasmonics, future trends will likely move towards highly integrated lab-on-a-chip systems for low-cost and high-efficiency diagnoses and therapies with intrinsic efficacy monitoring, feedback and optimization. Such a system will benefit from the multifunctionalities of LSPRbased phenomena, and can potentially integrate sensing, spectral ana lysis, molecular manipulation, drug delivery, gene switches and photothermal therapy onto the same nanoparticle platform. This will require strong collaboration between experts in many different fields such as physics, future science group Review Zheng, Kiraly, Weiss & Huang engineering, chemistry, biology and pharmacology. Initial developments in this direction include theranostic nanomedicine, which encompasses nanoparticles that contain both therapeutic and diagnostic components. These particles serve as optical tracers and imaging contrast agents with their enhanced light scattering and absorption, photothermal vessels for local heating of cancer cells, and drugs/gene carriers with the ability to deliver the agents in a precise temporal manner.
There are a few key areas that need to be evaluated, however, before molecular plasmonic tools and devices advance into commercial domains: nanoparticle biocompatibility and toxicity, effective dosages for theraputics, particle sizes and surface functionalization for efficient targeting, and unintentional particle accumulation and side effects in vivo. Appropriately addressing each of these aspects will enable molecular plasmonics to transit from the laboratory domain to clinical applications. With the initial successes and continuous efforts from researchers in multiple disciplines, we are confident that the future of molecular plasmonics in biology and nanomedicine will grow brighter.
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Executive summary
Background
Optical excitation of localized surface plasmon resonance (LSPR), the light-coupled oscillation of free electrons confined within metal nanoparticles, results in nanoscale localization and enhancement of electromagnetic fields associated with localized thermal energy and large electromagnetic forces. Molecular plasmonics concerns understanding and control of interactions between molecules and these plasmonic effects.
We have summarized and structured three types of molecule-plasmon interactions (i.e., optical, mechanical and thermal), which have been harnessed for developing tools used in biology and nanomedicine.
Applications based on optical effects
Nanosensors based on LSPR modulation have made significant progress due to the development of plasmonic structures with high sensitivity and understanding different molecule-plasmon interaction scenarios. Surface-enhanced Raman spectroscopy benefits from the plasmon-induced enhancement of Raman signals from molecules near metal nanoparticles that can focus excitation light onto the molecules. It is a highly sensitive analytical tool with the unique ability of identifying molecular structures. Plasmonic nanoscopy uses plasmonic effects at nanoscale tips to shrink light into a nanoscale probe for imaging biomaterials at high resolution.
Applications based on thermal effects
Photothermal therapy uses localized heat from metal nanoparticles associated with LSPR to induce apoptosis in tumor cells; thus, it is regarded as a drug-free process with minimized side effects. Smart nanocarriers are developed by harnessing the thermal energy from LSPR to trigger desorption of drug molecules or dehybridization of biomolecules. They are making progress towards multiplexed, light-controlled drug release.
Applications based on mechanical effects
Plasmonic tweezers, based on plasmon-enhanced optical forces, trap objects at low power with nanoscale spatial precision, and researchers are working towards manipulation of molecules.
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